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Porous liquids consisting of modified hollow spheres which are fabricated by surface engineering 
with suitable corona and canopy species is one of interesting porous liquids reported recently. By 
taking advantage of the liquid-like polymeric matrices as a separation medium and the empty 
cavities as a gas transport pathway, porous liquids can function as promising candidates for post-
combustion gas separation and thermal insulation purposes. Moreover, this synthetic strategy can 
be applied to other nanostructure-based porous liquids, facilitating production of porous liquids 
with specific request. In this thesis, a new member of this type of porous liquid with hollow spheres 
ranging from 400~500 nm was synthesized. The polystyrene (PS) spheres were first used as 
templates for the synthesis of silica hollow spheres employing the Stöber method. The PS sphere 
template was then removed by thermal decomposition and followed by subsequent surface 
modification and ion exchange. Several methods were used to characterize the resulting material 
including scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), 
thermogravimetric analysis (TGA) and Brunauer-Emmett-Teller (BET) surface analysis. This 
work demonstrated the possibility of synthesizing a porous liquid with a large sphere core and 
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1.1 Introduction to different types of porous liquid 
Porous solids like zeolites and metal-organic frameworks are well known for their application in 
molecular separations and catalytic processes.1,2,3 However, their solid nature inevitably imposes 
limitations. For example, the most successful technology for post-combustion capture of carbon 
dioxide is based on liquid solvents rather than porous solids. One might think solid porous 
adsorbents offer advantages such as lower energy penalties in adsorption-desorption cycles, but 
they are difficult to implement in conventional flow processes. On the contrary, liquid circulation 
systems are more easily retrofitted to existing plants.4 Therefore porous liquids that combine the 
porous property and liquid-like flowing behavior are urgently needed to develop next generation 
porous materials. 
In conventional liquids, there is the presence of small, transient cavities that exist between the 
molecules of any liquid, 5 but they are not permanent and are created due to the movement of the 
molecules themselves. On the contrary, porous liquids have empty pores within the molecules that 
are permanent and protected. Generally speaking, one can view any chemical material that 
possesses both permanent porosity and fluidity near room temperature as a porous liquid. 
In 2007, Stuart L. James came up with the word “porous liquid” and developed a classification for 
porous liquids based on the composition of porous liquid and solubility of the porous component.6 
However, the field of porous liquid is relatively new and the concept of porous liquid is not widely 
acknowledged within the academic society. This introduction will mainly emphasize two typical 
types of porous liquids and help readers understand the development of these two types of porous 
liquids. Other porous liquids will be discussed a little bit in the end of Chapter 1.12. Type 1 porous 
liquid is based on organic molecules and uses primarily cyclic molecules like crown ethers or other 
molecule moieties to provide porosity for the liquid itself.6 Type 2 porous liquid, recently made by 
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Dai’s group in 20157 , is based on hollow silica spheres and is the major focus of the introduction. 
Moreover, the work of this thesis is Type 2 porous liquid related. Figure 1.1 shows a simple 
demonstration of these two types of porous liquid.  
 
 







The key issue of synthesizing type 1 porous liquid is to prevent organic porous components from 
self-filling by surrounding solvent molecules. Fluidity is easily obtained by using solvents and 
sometimes depends largely on the amount of solvents used.8 In contrast, in type 2 porous liquid, 
sedimentation of hollow silica spheres is the major concern for making porous liquids and organic 
corona are introduced to prevent possible sedimentation. The fluidity is granted by organic canopy. 
Hollow silica spheres serve as the porous component in type 2 porous liquid and have high 
potential to incorporate large empty volume inside the porous liquid. Detailed introduction will be 
given individually in Chapter 1.11 and 1.12. 
 
1.11 Porous liquid based on organic molecules 
The existence of noncovalent forces was well recognized in the early 20th century. However, it 
was not until the 1960s when the various host molecules like cucurbiturils were synthesized by 
several people, after the concept of host-guest chemistry is proposed. It was during this time when 
Donald J. Cram found the possibility of making a porous liquid. 
Even before the concept of porous liquid was proposed, a prototype of type 1 porous liquid was 
made by Cram et al. in 1994.9 In his research, some hemicarcerands have cavities large enough to 
include small molecules like (CH3)2NCOCH3 (dimethylacetamide) but are too small to include 
bigger molecules such as diphenyl ether. The empty organic host was made by dissolving the 
hemicarcerand-(CH3)2NCOCH3 complex in diphenyl ether and followed by subsequent removal 
of (CH3)2NCOCH3. Nevertheless, there is no direct evidence for the existence of an empty cavity. 
Ever since, several similar porous liquids have been synthesized and these Type 1 porous liquid 
are usually made by dissolving empty organic hosts in sterica*lly hindered solvents.6 Organic host 
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like crown ether, cyclodextrins and cucurbiturils are used for making such porous liquids. However, 
the empty volumes of these organic hosts are too small for practical use and required elevated 
temperature to maintain fluidity. Several synthetic strategies had been applied to create type 1 
porous liquid during the past few years such as the extension of the chain length of molecular cages 
10 or the dispersion of microporous frameworks in organic solvents .11 A breakthrough of type 1 
porous liquid was achieved by James in 2015 which was published in Nature.12 Figure 1.2 shows 
the synthetic procedure of recently reported type 1 porous liquid. 
 
 
Figure 1.2 Preparation of porous liquid.12 (image taken from Ref.12) 
 
The synthesis of the crown ether cage is shown in Figure 1.2a. 1,3,5-triformylbenzene is 
commercially available. However, the synthesis of crown ether diamine needed multiple synthetic 
procedures as well as an expensive catalyst like palladium. The resulting crown ether cage is a 
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thick oil at room temperature with limited fluidity. This molecular cage has diameter of around 5 
Å in the center and has a big access window to the center as large as 4 Å. Twelve 15-crown-5 
solvent molecules are needed for every one of crown ether molecule cage to dissolve as shown in 
Figure 1.2b. The resulting porous liquid is shown in picture in Figure 2b. The empty and soluble 
molecular cage defines the pore volume while the 15-crown-5 solvent provides fluidity which 
cannot enter the cage cavities. The concentrated (44 wt%) porous liquid flows at room temperature. 
(C, grey; O, red; N, blue; H, white) This porous liquid is the newest type 1 porous liquid and is by 
far the most successful one in terms of retaining porosity. Following this research, more type 1 
porous liquids will be synthesized in the future. 
In conclusion, as shown above, Type 1 porous liquid does not need to be concerned about 
sedimentation of porous component and can be achieved in the liquid state (thick oil) even at room 
temperature. However, the harsh conditions of making molecular cages and the low yield (~5%) 
as in the case of the crown ether molecular cage mentioned above render this type of porous liquid 
a poor candidate for industrial applications.  
 
1.12 Porous liquid based on hollow silica spheres 
After Werner Stöber invented the famous Stöber process in 1965, scientists learned how to 
generate monodispersed silica spheres. Typically, tetraethyl orthosilicate is added to a dilute water 
solution containing a low molar mass alcohol such as ethanol and ammonia.13 Figure 1.3 shows 




Silica sphere surface morphology was improved using catalyst, in this case, ammonia.13 The 
diameter and the surface pore size of the resulting silica particles can be tuned depending on the 
type of silicate ester used, type of alcohol used and volume ratios. Afterwards, researchers 
developed various methods for making monodispersed hollow silica spheres. Hollow silica 
nanoparticles synthesized by the hard template method is one of them as shown in Figure 1.4.14  
Polymer beads are often used as hard templates to produce monodispersed hollow silica spheres. 
Surfactant and polymer are introduced for surface activation. Several criteria contribute to the 
achievement of a high-fidelity hollow silica sphere. The first one is that the silicification at the 
surface of the polymers beads must be faster than the self-condensation of the silica species in bulk 
solution. The second one is that the organic template must be stable throughout the silicate 
deposition and condensation. The last one is that the organic template is easily removed without 
damaging the hollow sphere structure. Methods of eliminating template include acid-dissolution, 
solvent extraction and calcination. 
 
 




Figure 1.4 Hollow silica synthesized by hard template method 
 
Polymer beads are often used as hard templates to produce monodispersed hollow silica spheres. 
Surfactant and polymer are introduced for surface activation. Several criteria contribute to the 
achievement of a high-fidelity hollow silica sphere. The first one is that the silicification at the 
surface of the polymers beads must be faster than the self-condensation of the silica species in bulk 
solution. The second one is that the organic template must be stable throughout the silicate 
deposition and condensation. The last one is that the organic template is easily removed without 
damaging the hollow sphere structure. Methods of eliminating template include acid-dissolution, 
solvent extraction and calcination. 
However, dispersed hollow silica spheres in proper solution cannot be called porous liquid because 
of the instability of the colloidal dispersions. Aggregation is a main issue for colloidal dispersions 
to retain fluidity in the long run. Various methods were invented to prevent this from happening. 
One of them is to introduce the polymer chain on the surface of silica particles or in some cases, 
incorporate polymer brushes on the surface of silica particles. This idea was demonstrated by 
Giannelis et al.15,16,17 In his system, sedimentation of silica particles is excluded by the attachment 
of polymeric corona on the silica surface. In addition, the positive charge carried by polymeric 
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canopy further decreases the possibilities of aggregation. The corresponding polymeric canopy 
acts as a fluid medium. A typical example of this system is shown in Figure 1.5.15  
Silica nanoparticles were modified by the condensation of N,N-Didecyl-N-methyl-N-(3-
trimethoxysilylpropyl) ammonium chloride {(CH3O)3Si(CH2)3N
+(CH3)(C10H21)2Cl
-} with surface 
silanol groups. The chloride counterions present can be readily exchanged with other anions to 
obtain the corresponding nanosalt. 
 
Figure 1.5 SiO2 Nanoparticles modified by organic corona-canopy with covalent grafting.15 
 
Inspired by Giannelis’s strategy, our group developed the first Type 2 porous liquid by engineering 
the surface of hollow porous silica spheres with organic canopy and corona species.7    A two-step 
synthetic procedure for synthesis of the porous liquid is shown in Figure 1.6.7 
In Figure 1.6, hollow silica spheres with about 14 nm diameter are synthesized first. Then 
organosilane that carries positive charges is covalently attached to the surface of hollow silica 
sphere. Finally, Type 2 porous liquids are made followed by anion exchange with poly(ethylene 
glycol) tailed sulfonate (PEGS). Our group even tested the performance of this type 2 porous liquid 
10 
 
in a gas separation experiment. The CO2/N2 selectivity for membrane supported porous liquid is 
around 10. The selectivity is granted by the ether group present in the PEGS, which enhance the 
solubility of CO2 and selectivity towards CO2. The permeability of CO2 and N2 for this porous 
liquid are 158 bar and 15.9 bar respectively and the permeability of both CO2 and N2 are much 
higher than that in PEGS. This is caused by increased free volume provided by empty cavities of 
hollow silica sphere.7 In a word, this porous liquid showed a noticeable CO2/N2 selectivity. This 
find enabled type 2 porous liquid to be a promising candidate for gas separation. 
Again, because of the concept of porous liquid is relatively new, some materials in polyionic 
liquids18 and solution of metal organic frameworks19 can be viewed as porous liquids as well. But 







Figure 1.6 Two- step synthetic procedure for the synthesis of porous liquid. HS=hollow 
silica, OS=organosilane, HS sphere diameter around 14nm.7 (image taken from Ref.7) 
 
1.2 Goals of work 
Type 2 porous liquid is more economically favored in terms of cheap staring materials and is 
relatively environmental friendly by using hollow silica as porous part instead of the toxic crown 
ether molecule cage. So, an optimization of type 2 porous liquid is urgently needed for better 
understanding of type 2 porous liquid. 
My study involves the synthesis of a new possible type 2 porous liquid that incorporates larger 
hollow silica spheres (diameter around 400-500nm) based on our group’s previous work7. 
Specifically, an organic hard template was sy1nthesized by soap-free emulsion polymerization of 
the Polystyrene core. Then, a modified Stöber method was applied to produce a silica shell on PS 
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core surface followed by thermal removal of the PS core. Next, the synthesized HS spheres will 
be reacted with (CH3O)3Si(CH2)3N
+(CH3)(C10H21)2Cl
- to attach the organic corona onto the 
surface of HS spheres. The resulting HS spheres will be reacted with poly(ethylene glycol) tailed 
sulfonate (PEGS) followed by dialysis, thereby excluding small ions like Na+ and Cl- from the 
reaction system. Excess sulfonated PEGS is extracted by toluene. At last, aqueous layer was 
collected and dried to get the desired product. 
The product will be analyzed by scanning electron microscopy (SEM), thermogravimetric analysis 
(TGA), Fourier transform infrared spectroscopy (FT-IR) and Brunauer-Emmett-Teller (BET) 
surface analysis. SEM are used to determine the diameter of particle size and their morphology. 
TGA is used to determine the grafting mass ratio of organic corona and the purity of the HS spheres. 
BET analysis is used to characterize the pore size and the pore distribution of materials. FT-IR is 
used to demonstrate the successful attachment of organic corona onto the surface of silica sphere. 
If my work is successful, then a new type 2 porous liquid with a much more significant hollow 
character would be generated. A porous liquid with huge empty space would also possibly find 
some application in insulation materials in industry. Additionally, this work will give some insights 























2.1 Preparation of porous liquid 
Styrene (Acros Organics, 99.5% extra pure, stabilized). Divinylbenzene (Fluka, mixture of isomers 
≈ 80%). Ammonium persulfate (Acros Organics, 99.5%). Acrylic aicd (Acros Organics, 99.5% 
stabilized). Absolute Ethanol (Fisher Chemical). Poly(allylamine hydrochloride) (PAH, Sigma 
Aldrich, average Mw ≈ 15000g/mol). Polyvinylpyrrolidone (PVP, Fluka, K90, Mw ≈360 000 
g/mol). Ammonia (29.8% w/w%, Fisher Chemical). Tetraethoxysilane (TEOS) (Acros Organics, 
98%). N,N-Didecyl-N-methyl-N-(3-trimethoxysilylpropyl) ammonium chloride. (Gelest. Inc, 40-
42% in MeOH). Poly(ethylene glycol)4-nonylphenyl-3-sulfopropyl ether potassium salt (Sigma 
Aldrich). Milli-Q water was obtained from a Millipore purification system. Dialysis membrane 
(Spectrum, Inc, Spectra Por@). All chemicals were used directly without further purification except 
styrene and divinylbenzene. Inhibitors (4-tert-butylcatechol) in styrene and divinylbenzene were 
removed by basic aluminum oxide (Acros Organics, brockmann I, for chromatography) column 
before use. 
 
2.11 Synthesis of PS Nanoparticles 
This synthetic approach is based on Doris Vollmer’s work.21 Soap-free emulsion polymerization 
was carried out in a 500 mL three-neck flask equipped with a condenser and a PTFE 
(Polytetrafluoroethylene) stir bar. Milli-Q water was put in the flask and bubbled by nitrogen gas 
for 30 min for removal of dissolved oxygen. Ammonium persulfate was added to the water first, 
and the system was heated to 75 °C to generate free radicals. Immediately after this, a mixture of 
divinylbenzene, acrylic acid, and styrene was added dropwise within a short time through a 
dropping funnel. The reaction is put under nitrogen and stirred until the reaction is done. The color 
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of the emulsion gradually changed from colorless to transparent blue and finally to white. 
Reactions are carried out under three conditions (details are shown in Table 2.1) About 1 mL of 
resulting emulsion was diluted and measured by dynamic light scattering (DSC) to estimate the 
size of the hollow sphere. PS particles are collected by centrifuge at 8000 rpm for 10 mins. The 
bottom solids were washed with water by sonication, and the centrifuge and wash steps were 
repeated six times. (Last time use ethanol to wash) Finally, the resulting white powder was put in 
an oven at 120 °C overnight and kept for further use. 
 
Table 2.1 Reaction conditions to synthesize PS nanoparticles. 
 PS-1 PS-2 PS-3 
Styrene/g 25 5 12.5 
Acrylic Acid/g 0.15 0.03 0.075 
Divinyl Benzene/g 0.25 0.05 0.125 
 (NH4)2S2O8/g 0.11 0.02 0.055 
Milli-Q water/ml 300 60 150 
Time/hour  25h 16h 16h 
 
 
PS-1 in Table 2.1 was made first according to Doris Vollmer’s work.21 However, PS-1 were partly 
precipitated in a resulting white slurry. PS-2 scaled down the amount of reactants and decreased 
the reaction time to prevent possible precipitation. No precipitation was found after the reaction 
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was done. PS-3 was a scale up experiment with some precipitation formed. PS-2 spheres were 
used for further experiments.  
 
2.12 Synthesis of HS spheres. 
To facilitate the formation of a uniform silica shell on PS particles, polyelectrolytes were used to 
pretreat PS particles. For a typical experiment, PS particles were first dispersed in water by 
sonication (c = 0.054 g/mL). 40 mL portion of the colloidal dispersion was added dropwise through 
a dropping funnel to a flask containing 100 mL aqueous solution of PAH (c = 1.2 g/L) and NaCl 
(c = 1.4 g/L). This mixture was kept stirring 2 hours in air at room temperature to make PAH 
absorbed PS particles. Then the PAH absorbed PS particles were centrifuged and washed with 
water twice (8000 rpm for 10 mins). The washed PAH-PS particles are immediately dispersed in 
200 mL PVP ethanol solution (c = 7 g/L) to further facilitate the formation of a uniform silica shell. 
The resulting mixture is stirred 2 hours in air at room temperature. Next day, the suspension was 
centrifuged and washed with ethanol three times (8000 rpm for 10 mins).  
The pretreated PS particles were redispersed in 200 mL ethanol at room temperature in air again. 
Then ammonia (29.8% w/w in water) was added first to the flask. The pH was monitored between 
9 and 10. Immediately after this, 10% (by volume) tetraethyl orthosilicate (TEOS) solution in 
ethanol was added to the reaction flask dropwise. A low concentration of TEOS ethanol solution 
was used to better facilitate a smooth silica surface. Details of the amounts of ammonia and TEOS 




The S-PS spheres were washed by sonication in ethanol and centrifuged three times. After the third 
wash, the S-PS sphere dispersion was poured into a watch glass and the ethanol was evaporated at 
70 °C. The watch glass was protected by aluminum foil with holes in it to prevent contamination. 
White powders were left after ethanol had been removed and were kept this in vessel for further 
use. 
 
Table 2.2 Amounts of TEOS and Ammonia in silica shell PS(S-PS) spheres synthesis. 
Trial S-PS-1 S-PS-2 
Ammonia  3.3 mL 3.3 mL 
TEOS solution 50 mL 25 mL 
PS dispersion in 
ethanol 
200 mL 
c = 0.054 g/mL 
200 mL 
c = 0.054 g/mL 
 
The synthesized S-PS spheres were ground into fine powders and then put in a furnace to thermally 
decompose the PS core. Different conditions were used during this process for different S-PS 
spheres, see details in Table 2.3. HS-1 made from S-PS-1 was first conducted. Then, a comparison 
experiment followed which gave HS-2, HS-3, and HS-4 to gain some insights about the influence 
of heating rate and burning time on HS purity and surface hydroxyl groups. There will be a detailed 
discussion in Chapter 3 about the thermal decomposition process. 
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Table 2.3 Conditions of PS core thermal decomposition 
 Heating rate Time kept at 500 °C S-PS source 
HS-1 10 ℃/min 3.5 h S-PS-1 
HS-2 10 ℃/min 3.5 h S-PS-2 
HS-3 2.8 ℃/min 3.5 h S-PS-2 













White powders of hollow silica (HS) spheres were made in the end. Among those HS spheres, HS-
4 was used to perform further experiments. The characterizations of these HS spheres are shown 
in Chapter 3. The chosen HS-4 was exposed to air for a while and kept in a vessel for further use. 
For a clear demonstration, Figure 2.1 shows the overall synthesis of hollow silica spheres. 
 
 
Figure 2.1 Overall synthesis of hollow silica spheres 
 
2.13 Functionalization of HS spheres with organosilane 
The reaction was inspired by the work reported by Dai.7 Positively charged organosilane (OS) was 
covalently attached to HS spheres surface. Specially, N, N-Didecyl-N-methyl-N-(3-
trimethoxysilylpropyl) ammonium chloride will be used for synthesize of HS-OS spheres. The OS 
selectively reacted with hydroxyl groups bound to the HS spheres surface leading to a permanent, 
covalent attachment of a corona onto the HS spheres. Various reactions were carried out for 
making HS-OS spheres as shown in Table 2.4 and the total amount of solvent is 40ml for all cases 
listed in Table 2.4. 
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For a typical reaction, HS spheres were dispersed in solvent at room temperature first, then the 
catalyst was added. Immediately after this, the OS dispersion or OS was directly added slowly into 
the reaction flask under stirring. Once reaction is done, the resulting HS-OS were centrifuged and 
washed by ethanol first and then by water two times (8000rpm for 20min). The washed HS-OS 
were put in an oven at 120 ℃ to dry overnight. Exceptions were HS-OS-2 and HS-OS-6, where 
HS spheres dispersed in water and OS dispersed in ethanol. The rest of the procedure was the same 
as just mentioned. The yellow color comes from the color of the organosilane. Among these, HS-
OS-1 and HS-OS-2 formed yellow chunks that cannot be redispersed by sonication in water or 
ethanol. HS-OS-6 also formed a little bit of yellow precipitate. This precipitate can be redispersed 
in water again. The reason for aggregation may related to rapid hydrolysis of organosilane in water 
environment. Except HS-OS-1 and HS-OS-2, the rest were tested by FT-IR. HS-OS-5 and HS-
OS-6 were tested with TGA for further confirmation. Among them, HS-OS-6 was the only one 


























Hollow silica 1 g 1 g 0.1 g 0.1 g 0.1 g 0.1 g 0.1 g 
Organosilane 2 mL 2 mL 2 mL 2 mL 2 mL 1 mL 1 mL 
Catalyst NH3 NH3 NH3 Acetic 
acid 
NH3 NH3  
Solvent Water Water/e
thanol  




Aggregation Yes Yes No No No Yes No 
Time 2 h 2 h 24 h 24 h 24 h 24 h 24 h 
Temp 25 ℃ 25 ℃ 25 ℃ 25 ℃ 90 ℃ 40 ℃ 140 ℃ 
 
 
2.14 Synthesis of HS porous liquid 
HS-OS-6 were used for anion exchange. The chloride counter-anion balancing the positively 
charged OS in HS-OS spheres were replaced by a negative charged poly (ethylene glycol)-tailed 
sulfonate (PEGS). Specifically, 0.6 g of HS-OS-6 was mixed with 9 mL of poly(ethylene glycol) 
tailed sulfonate (PEGS) solution (10.5 wt/vol% in methanol) and stirred overnight at room 
temperature. 
Next day, the reaction mixture was transferred to a 1 L beaker and dialysis was performed to get 
rid of most small ions (Cl- and Na+). The reaction set up is shown in Figure 2.2.  
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Deionized water was changed three times for every 2 hours. After dialysis, the mixture was 
extracted by warm toluene two times to remove excess PEGS. The aqueous layer was collected 
and put in a watch glass to evaporate solvent at 50℃ for a week. The watch glass was protected 
by aluminum foil with a needle on it. After that, the HS-liquid was transferred to a small vial and 
put in an oven at 120 ℃ for three days. SEM, TGA and FT-IR of HS liquid are tested. HS-liquid 
was too viscous to test the surface area in BET. A comparison experiment was conducted by 
mixing HS spheres with PEGS as well. 0.1 g HS spheres were dispersed in 1.5 mL PEGS solution 








The morphology of PS-2, HS-1, HS-2, HS-3, HS-4, HS-OS-6 and HS liquid were measured by 
Zeiss Auriga crossbeam FIB/SEM. The sample was prepared by load samples on holder and blow 
N2 to get rid of extra sample. HS-OS-3, HS-OS-4, HS-OS-5, HS-OS-6, HS-OS-7 were measured 
by Bio-Rad Excalibur Fourier transform infrared spectrometer (FTS-3000) equipped with MVP-
ProTM (Diamond ATR Crystal). The sample was put on the window of sampling plate and adjust 
the pressure to150N to measure their infrared absorption spectrum. N2 absorption isotherm of HS-
2, HS-3, HS-4 and HS-OS-6 were measured by Gemini III Surface Area Analyzer. The samples 
were pretreated with N2 at 130 °C for 6 hours before test. The thermogravimetric analysis (TGA) 
of HS-2, HS-3, HS-4, HS-OS-5, HS-OS-6 and HS liquid was measured by Seiko II TG/DTA6300. 
These tests were performed in air with a heating rate of 10 °C/min from room temperature to 450°C 



















CHAPTER III RESULTS AND DISCUSSION 











In Chapter 2, experiments of synthesizing PS spheres, HS spheres, HS-OS spheres and HS liquid 
were already described in detail. The results of these experiments are presented in this chapter 
combined with instrumental confirmation. 
 
3.1 Characterization of PS spheres 
3.11 Morphology and size of PS spheres 
As mentioned early in Chapter 2.1., PS-1 and PS-3 formed precipitates which could not be 
redispersed by ethanol. This is not suitable for successful PAH and PVP coating and further silica 
coating. So, these two samples were not examined by SEM. The morphology of PS-2 spheres was 
measured by SEM as shown in Figure 3.1, Figure 3.2 and Figure 3.3. Relatively unified PS 
spheres were formed with diameter ranging from 400 nm to 500 nm as shown above. The surface 
of PS spheres was smooth as indicated by the SEM image. In addition, PS-3 spheres can form 






Figure 3.1 On the sample edge of the PS spheres 
 
 





Figure 3.3 Close examination of PS spheres size and morphology 
 
3.2 Characterization of HS spheres 
3.21 Morphology of HS spheres  
The morphology of HS-1 spheres and HS-2 spheres were compared first to determine which S-PS 
source would be used to synthesize HS spheres. Figure 3.4 shows the morphology of HS-1 spheres 
and Figure 3.5 shows the morphology of HS-2 spheres. 
The small spheres observed in both Figure 3.4 and Figure 3.5 were presumably believed to be 
formed by TEOS self-condensation. The assumption is based on the amount of TEOS in HS-1 
spheres being twice as much as TEOS in HS-2 spheres. Thus, the TEOS self-condensation in HS-




Figure 3.4 Morphology of HS-1 spheres 
 
 
Figure 3.5 Morphology of HS-2 spheres 
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HS-3 spheres and HS-4 spheres were made by alternating heating rate and burning time in a 
furnace to get some insights of their effect towards HS spheres morphology and purity. Based on 
SEM observation, both HS-3 and HS-4 did not show much difference in terms of morphology 
compared to HS-2 as shown in Figure 3.6 and Figure 3.7 This fact indicates heating rate and 
burning time in furnace have a minor effect of on the morphology of HS spheres. The broken 
spheres exist in tiny amount in all four HS spheres and lower heating rate does not prevent 
broken spheres from occurring. 
 
 

















3.22 Thermal analysis of HS spheres 
As indicated in Chapter 3.21, the small spheres in HS-1 were much more than that in HS-2, HS-3 
and HS-4. So only HS-2, HS-3 and HS-4 were examined here for TGA. Results of TGA were 
shown in Figure 3.8, Figure 3.9 and Figure 3.10. The initial weight gain may be related to the 
absorption of water or instrumental deviation. No evident mass loss after 150 ℃ suggests pure 
inorganic HS spheres were made. More restricted experiment requires same celling temperature, 
but this experiment should serve well in terms of qualitative research. Heating rate and burning 
time in the furnace does not influence the purity of HS spheres since the weight loss is caused 
presumably by water absorbed to HS spheres. HS-4 was used for further experiment since it has 
the least amount of weight loss among the three HS spheres and also has biggest surface area as 
shown later. However, HS spheres’ ability of water absorption may reflect the intensity of surface 
hydroxyl group because of their hydrophilic nature.22 The density of surface groups on HS spheres 
may decrease by decreasing heating rate of furnace and increasing the time during thermal 
decomposition. If this is true, HS-2 is probably more suitable for further HS-OS synthesis among 





Figure 3.8 TGA of HS-2 (w=92%) 
 





Figure 3.10 TGA of HS-4 (w=97%) 
 
3.23 surface area and pore distribution 
HS-2, HS-3 and HS-4 were also characterized by N2-sorption isotherms. The surface area was 
calculated by Brunauer–Emmett–Teller (BET) theory and pore size distribution were calculated 
with the Barrett–Joyner–Halenda (BJH) method. Pore distribution were shown in Figure 3.11 ~ 
Figure 3.13 Mesopores and micropores were found in HS spheres with mesopores dominating. 
The pore distribution of HS-4 was more evenly distributed while HS-2 and HS-4 were more 
focused on larger pores. Not only that, the cumulative pore volume and BET surface area of HS-4 
were also much larger than HS-2 and HS-4 as shown in Table 3.1. Since HS-4 had a longer burning 
time in furnace (5.5 h) compared to HS-2 and HS-3 (3.5 h), it can be assumed from the facts above 
that the surface area of HS would increase with burning time in the furnace. A more detailed 





Figure 3.11 Pore distribution of HS-2 
 





Figure 3.13 Pore distribution of HS-4 
 
Table 3.1 Cumulative pore volume and BET surface area of HS spheres 




2.89 3.01 7.73 
BET Surface area
（m2/g） 





3.24 FT-IR analysis of HS spheres 
HS-4 was chosen for analysis in FT-IR, the result is shown in Figure 3.14. The asymmetric 
vibration at 1050 cm-1 and symmetric vibration at 800 cm-1 of Si-O-Si were clearly observed, 
indicating the successful synthesis of a silica framework from the TEOS precursors.23 The two 
absorption bands around 2000 cm-1 were caused by Diamond ATR Crystal in MVP-PROTm during 
FT-IR analysis and were seen almost in every IR spectrum. 
 
 





3.3 Characterization of HS-OS spheres 
3.31 FT-IR analysis of HS-OS spheres 
HS-OS-3, HS-OS-4, HS-OS-5, HS-OS-6 and HS-OS-7 were examined by FT-IR as shown in 
Figure 3.15. The stretching and bending vibrations of -CH2 backbones of OS at 2920 cm-1, 2840 
cm-1 and 1470 cm-1 are clearly visible in HS-OS-5 and HS-OS-6.24 In comparison, these bands are 
not shown in HS-OS-3, HS-OS-4 and HS-OS-5. The dominate asymmetric vibration at 1050 cm-1 
and symmetric vibration at 800 cm-1 of Si-O-Si are clearly observed as well, which indicate the 
HS spheres are modified by OS groups rather than surrounded by the OS self-condensation product.  
Moreover, the possibility of absorption of OS or OS self-condensation product onto the HS surface 
was also excluded, since the others, like HS-OS-1, had same purification process and does not 
show any CH2- vibration band. In the end, it can be concluded that HS-OS-6 should have a higher 

















3.32 Thermal analysis of HS-OS 
TGA of HS-OS-5 and HS-OS-6 are shown in Figure 3.16 and Figure 3.17. There is no evident 
weight loss until the temperature reaches above 200 ℃ for both samples. HS-OS-6 has more 
weight loss than HS-OS-5, which support FT-IR analysis conclusion. Thermal decomposition 
above 200 ℃ is clearly caused by the OS moiety. In addition, the mass percentage of OS in HS-
OS spheres can be roughly estimated from investigating the weight loss of HS-OS between 200 ℃ 
and final temperature. As a result, the mass percentage of OS is 12% in HS-OS-5 and 28% in HS-
OS-6. HS-OS-6 was chosen for further SEM analysis and N2 absorption isotherm analysis. 
 
 

















3.33 Morphology of HS-OS-6 
The SEM image of HS-OS-6 was taken in Figure 3.18, and no obvious change compared to HS 
was observed. HS-OS-6 retain the smooth surface of HS-4 and no OS self-condensation product 
of was found. The tiny spheres were TEOS self-condensation spheres talked about before. 
 
 
Figure 3.18 Morphology of HS-OS-6   
 
3.34 Surface area and pore distribution of HS-OS-6 spheres 
HS-OS-6 were measured by N2 absorption isotherm and the pore distribution is shown in Figure 
3.19. The distribution of pore size in HS-OS-6 is more focused on bigger size with diameter over 
10 nm while the distribution of pore size in HS-4 is evenly distributed. The BET surface area of 
HS-OS-6 is 26 m2/g. Figure 3.20 showed a detailed comparison in terms of pore volume ratio for 
different size of pores between HS-OS-6 and HS-4. For a pore size below 5nm in HS-OS-6, the 
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pore volume of HS-OS-6 was decreased dramatically to around 30% of HS-4. When pore size was 
bigger than 5 nm, the pore volume ratio gradually increased up to 63%.  
This trend may reveal the position of different size of pores in HS spheres, assuming there are 
three possible positions for pores in HS spheres as shown in Figure 3.21. Since SEM already 
showed that the broken shell in HS spheres rarely existed, this hypothesis was based on “closed” 
HS spheres. Whether OS can penetrate the surface of HS-4 spheres through big pores or not, the 
outer pore shown in Figure 3.21 was always likely blocked by bonded OS in HS-OS spheres first 
comparing to mid pore and inner pore. This is because the outer pore was the place where OS 
modification happened first. Mid pore and inner pore were modified by OS later due to diffusion 
process and steric hindrance. If this assumption is true, then composition of outer pore are mainly 
small pores below 5 nm since the pore volume of these pores decreased most after OS was attached 
to HS-4 surface. While big size pores prefer mid pore and inner pore since their pore volume 
decreased not as much as that in small pores. This hypothesis was also supported by Stark’s work. 
He proposed the big pores were voids formed between the silica shells of HS particles25 which 
corresponds to mid pore in my hypothesis. Based on the discussion above, most of the surface 
pores(outer pore) were small and were blocked by OS moiety. In contrast, big size pores mostly 
lie in mid pore and inner pore retained much of their pore volume after OS modification. This 
result shows low possibility of OS penetration through outer pore and following modification at 
inner pore and mid pore. In addition, since no CH2 vibration band was observed in HS-OS-3, HS-
OS-4 and HS-OS-7, there will be absolutely no OS trapped inside the hollow silica after wash. The 
hollow nature of HS-OS spheres was proved indirectly by these two conclusions. More direct 
demonstration of hollow nature of HS-OS spheres would need the help of TEM analysis or small-











Figure 3.20 Pore volume ratios between HS-OS-6 and HS-4 
 
 




3.4 Characterization of HS liquid 
3.41 Picture of HS liquid 
The resulting HS liquid after purification is shown in Figure 3.22. This HS liquid was a yellow 
viscous fluid at room temperature and was stable for at least two weeks. Obvious phase separation 
between HS spheres and PEG was observed in the end, the exact time is not known. However, this 
HS liquid was indeed more stable than a comparison simple mixture of HS spheres with PEGS 
whose phase separation was seen within one day with the naked eye. This result indicated the 
incorporation of OS on to HS surface is indeed needed for synthesizing a homogeneous HS liquid. 
 
 





3.42 FT-IR analysis of HS liquid 
The IR spectrum of HS liquid is shown in Figure 3.23. The stretching and bending vibrations of -
CH2 backbones of OS at 2920 cm-1, 2840 cm-1 and 1470 cm-1 are clearly visible and enhanced in 
HS liquid. The Si-O-Si vibrations at 1050 cm-1 and 800 cm-1 is seen as well. In addition, bands 
characteristic of ether (1105 cm-1), phenyl (1651cm-1) and sulfonate (1205cm-1) groups are clearly 
seen. This result suggest HS-OS spheres were surrounded by PEGS to afford a fluid state.26 
 
 






3.43 Morphology of HS liquid 
The SEM image of HS liquid is shown in Figure 3.24. The morphology for HS liquid in SEM 
did not change a lot compared to HS-OS and PEGS are too small to be shown in SEM.  
 
 







3.44 Thermal analysis of HS liquid 
TGA of HS is shown in Figure 3.25. The weight loss of HS liquid was not significant below 200 ℃ 
and proved that the HS liquid was solvent free. Once temperature reached around 450 ℃, the 
thermal decomposition of organic part went into effect and eruption happened with an immediate 
weight loss around 450 ℃, and later, the mass of the HS liquid stayed the same. The remaining 
weight was settled as weight percentage when eruption happened since afterwards there was no 
weight loss anymore. In this background, the reaming weight of HS liquid was 30%. 
 
 

























A series of experiments and characterizations were conducted to study the PS spheres, HS spheres, 
HS-OS spheres and HS liquid.  
A PS hard template was synthesized first, and PS-2 was found better than PS-1 and PS-3 in terms 
of dispersity and used for later synthesis. Precipitation of PS-1 and PS-3 was observed and may be 
related to inefficient stirring. The diameter of PS particles was found to be between 400 nm and 
500 nm. After that, a successful coating of silica onto the PS hard template was completed and 
followed by thermal decomposition to give HS spheres. HS-4 was found best among all HS spheres, 
because it had the largest surface area and highest purity among all HS spheres. 97% weight of 
HS-4 remained at 500 ℃, indicating complete removal of the PS core. The SEM image showed 
the surface of HS spheres was smooth. A large number of spheres with diameter around 100 nm 
were found in HS-1. These small spheres may result from the self-condensation of TEOS. With a 
lower TEOS amount, smaller spheres were much less seen in HS-2, HS-3 and HS-4. Broken 
spheres were rarely seen in all HS spheres. Surface area and pore size distribution were also 
characterized. HS-4 has 134 m2/g BET surface area and the pore size distribution is evenly 
distributed. HS-4 was used for OS modification reaction. 
Surface modification of HS by OS was measured by FT-IR first. HS-OS-5 and HS-OS-6 showed 
the CH2- stretching and bending vibrations band at 2920 cm
-1, 2840 cm-1 and 1470 cm-1. HS-OS-
6 had higher grafting intensity combining the result of TGA and FT-IR. The percent of weight 
remained at 500 ℃ was 67% for HS-OS-6. In addition, HS-OS-6’s BET surface area decreased 
dramatically compared to HS-4. The BET surface area of HS-4 decreased to 26 m2/g. The pore 
size distribution was dominated by pore size above 10 nm. HS-OS-6 was chosen for the HS liquid 
synthesis. A hypothesized pore size distribution was proposed based on the BET data of HS-OS-
51 
 
6 and HS-4. Larger pores of HS spheres were believed to be mainly mid pore and inner pore, which 
showed low possibility of OS penetration into the HS spheres. 
After anion exchange and subsequent purification, a type 2 HS liquid was successfully obtained in 
the end. The image of a yellow colored HS liquid demonstrated its fluidity at room temperature. 
In this HS liquid, the HS-OS spheres were combined with a liquid medium PEGS supposedly via 
static electronic attraction and van der Waals' forces. Benefiting from such a unique combination, 
improved stability of dispersion was observed by comparing the HS liquid to mixture of equip 
ratio HS spheres and PEGS which precipitate quickly. The HS liquid was stable for at least two 
weeks. However, this HS liquid was not a permanent porous liquid and would undergo phase 
separation in the end if kept for a long time. The FT-IR analysis showed HS-OS-6 spheres were 
surrounded by PEGS to give liquid form. The morphology of the HS liquid was almost same as 
HS-OS-6 in SEM. The remaining weight of the HS liquid at 600 °C was around 30%. In addition, 
the weight loss of HS liquid was not significant until 200 °C, suggesting it is a solvent free product. 
In a word, a new type 2 porous liquid was made in the end. However, the large diameter of HS-
OS sphere prevented it from forming a transparent porous liquid. Instead, the resulting porous 








4.2 Future Work 
Different sizes of the PS template can be used to obtain HS liquids with different sizes if possible. 
The size effect towards the fluidity of the HS liquid can be study then. Different silica coating 
methods are needed for the synthesis of HS spheres with a better surface area. Specifically, the 
amount of TEOS and concentration of TEOS can be changed to give new HS spheres. The silicon 
source can also be changed to tetramethyl orthosilicate (TMOS) as reported by Stark.25 
A more detailed study of the fluidity of the HS liquid is needed for a better understanding of the 
role of PEGS in my porous liquid. One possible way of doing this is to determine glass transition 
temperature and crystallization temperature if they exist. Differential scanning calorimetry is 
needed for the determination of glass transition temperature and crystallization. Determination of 
viscosity of the HS liquid is also needed to better understand the HS liquid. 
The direct evidence of hollow nature of HS liquid is needed as well. Dark field transmission 
electron microscope and small-angle X-ray scattering (SAXS) will be used in the future to 
demonstrate the hollow nature of HS liquid. Moreover, the thickness of the hollow silica shell will 
be determined by the transmission electron microscope as well. 
The unique chemical and structure properties of the HS liquid is of particular interest for potential 
applications in gas separation as demonstrated by Dai.7 Polymer-supported HS liquid membranes 
can be made according to Dai’s work. Then the gas separation performance of HS liquid can be 
measured. Moreover, because of the huge empty space coming with the hollow nature of HS liquid, 
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